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GLOSSARY OF SYMBOLS 
Unit - Definition 

Thrust Acceleration/32.17 m i  tles s 
Altitude ft. or n. mi. 
Radial Position ft. or n. mi. 
Time sec. or minutes 
Position in Rectilinear Coordinates 

Velocity in Rectilinear Coordinates ft/sec 
Flight Path Angle degrees 
Pitch Angle degrees 
Roll Angle degrees 
Yaw Angle degrees 
Visibility margin measured from the window lower or 
upper edge to the LOS to the Landing-Site or 
horfzon degrees 

Gravity constant of the moon ft3/sec2 
The angle between the z-Body Axis and the LOS to 
the horizon or to the landing-site 
Slant range between LEM and the CSM 

ft. 

degrees 
ft. or n. mi. 

Slant range-rate between LEN and the CSM fps. 
Central angle measured in the plane of the 
tra j e c t o r y  degrees 
Rate of change of central angle measured in the 
plane of the trajectory ' I deg/sec 
Line-of-sight angle measured in the xz-body axis 
plane from the z-body ax&s,'td the projection 
of the LOS on the xz-body &xis plane, Rendezvous Radar 
Trunion Angle degrees 
Line-of-sight angle dasured from the xz-body 
axis plane to the LOS, Rendezvous Radar Shaft 
Angle degrees 
Elevation mgle measwed between the stable 
member z-Axis and the LOS to the CSM degrees 

Surface Range ft. or n. mi. 
/ 
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Symbol 

T 

V 

SM 
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L or IZM 

CM or CSM 

P 
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Glossary Of Symbols ( continued ) 

Definition 

Thrust 

Total Velocity (speed) 

Subscripts 

Stable member 

Indicated or measured parameter 

Signifies upper window edge 

Signifies lower window edge 

Lunar Excursion Module 

Command Service Module 

pericynthion 

apocynthion 

Superscripts 

Angles measured relative to stable 
member axis system 

. *  

Differentation with respect to ,time 

' ,/ 
w:,, I, 

Unit 

lbs . 
fps. 
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I. Introduction 

This repar t  on nominal t r a j e c t o r y  charac te r i s t ics  supersedes the  t r a j e c t o r y  
data presented i n  re fereme A-7. 
calculated using guidance laws currently planned f o r  the Primary Navigation 
and Guidance System (PNGS) . 

A l l  t r a j e c t o r i e s  presented herein were 

These t r a j e c t o r y  data are subject t o  revis ion with changes i n  t h e  mission 
prof i le  and AV budget. 
t r a j e c t o r y  requirements are  as follows : 

Pertinent mission ground ru les  which define the  

1. A Eiohmann coasting descent o r b i t  i s  specified 
f o r  t r a n s f e r  from an 80 n. m i .  CSM c i r c u l a r  parking o r b i t  
t o  a 50,000 ft.  pericynthion a l t i t u d e .  The o r b i t  
plene w i l l  nominally contain the landing-si te .  

2. Requirements f o r  p i l o t  v i s i b i l i t y  of the landing- 
s i t e  dtlrlng the f i n a l  portions of powered descent 
ar,d pr ior  t o  manual take-over f o r  the touchdown 
mne-lver i s  nneni f i  P A  

-=--A& A_-. 

3. A d i r e c t  ascent phase t o  rendezvous with the CSM 
i s  specified as  nominal. 

A t  launch a nominal a degree cent ra l  angle d is -  
placement between the CSM o r b i t  plane and the  
LEM launch-site i s  specif ied.  

4. 

5 .  Nominal rendezvous i s  i n i t i a t e d  5 n. m i .  from 
the CSM. 

Included i n  t h i s  repor+, a r e  data on the l i k e l y  t ra jec tory ,devia t ions  from 
the nominal. 
navigation and control system performance ,aye irlcluded i n  the e r r o r  evalu- 
a t ion .  
portion of the mission a r e  presented i n  t h i s  report .  
t h i s  report  w i l l  include e r ror  r e s u l t s  f o r  a l l  phases of the  E M  mission. 

Current estimates on normal or, in-tolerance e r r o r s  i n  the 

Only r e s u l t s  p e r t a k i n g  t o  erroFs. Accrued along the  powered descent 
F’uture re leases  of 

I 

-1 
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\ 
11. Definitions 

m e  definition of trajectory phases in reference A-7 apply to the discussion 
of trajectories in this report. For convenience, these definitions are 
restated with appropriate chmges. 
A. General 

A.l Lunar Orbit - starts after successf-al insertioncof the CSM into lunar 
orbit, and terminates just prior to the IEM separation from the CSM. 

B. Descent 

B . l  Coasting Descent Transfer Orbit - starts with separation of the I;EM 
from CSM, includes insertion of LEM into a coasting descent orbit and 
terminates at the initiation of powered descent. 
midcourse corrections are required during this flight phase, they will 
be discussed in this section. 

If any descent 

B.2 Powered Descent - starts at the completion of the coasting descent 
transfer orbit and terminates at LE24 touchdown on the luna- surface.. For 
convenience, this phase is sub-divided as follows: 

B.2.1 Fuel Optimum Phase (FOP) - starts at the completion of the coasting 
descent transfer orbit and ends just prior to the LEM rotation 
required to achieve visibility of the landing-site. 

B.2.2 Visibility Phase (VP) - starts at initiation of LEM rotation to 
achieve landing-site visibility and terminates at a specified 
altitude, vertical velocity and horizontal velocity in the neighbor- 
hood of the landing-site. 

B.2-3 Translation, Hover and Touchdown (THAT) - .starts' at, termination of 
VP and includes the translation tq'the desired landing-site, a 
momentary hover and a soft landiqg. 

'/:e, L _ ,  

C. Ascent 

C.l Powered Ascent - starts with ascent engine ignition and terminates with 
insertion into a coasting ascent transfer orbit or into a parking 
orbit. 
approach as w e l l  as that f o r  e direct wasting ascent to rendezvous 
is included in this section. 1. 

Discussion of launch window for a parking orbit ascent 

C.2 Coasting Ascent Transfer Orbit - starts immediately after insertion into 
the coasting orbit, either by,direct insertion, o r  from a parking orbit, 
and terminates when the LE24 is 5 n. mi. from the CSM. Plane-change and 
midcourse maneuvers will be discussed'in this section. 

C.3 Rendezvous - starts 5 n. mi. from the CSM and terminates when the LEN 
is 500 ft. from the CSM. 

C.4 Docking - starts at 500 ft. from the CSM and terminates at LEM-CSM 
contact. 

REPORT NO. LED-500-1 
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In this report, most trajectory parameters are presented in the IMU stable 
member axis system. This axis system has its origin at the moon's center 
with the x-axis passing through the landing-site. The z-axis is normal 
to X'and-PWallel to the plane of the CSM orbit. The positive direction 
of .Z is coincident with the forward direction of the CSM velocity when the 
CSM passes over the landing-site, 
forming a right-handed system (figure 11-1). 

The y-axis is orthogonal tothe xzqhne 

A selenographic axis-system is shown in figure 11-2. 
system is again at the moon's center. The x-axis passes through the lunar 
equator toward the earth's center. The z-axis is normal to f . a n d  passes 
through the lunar north pole. The y-axis is normal to the XZ plme Eoming 
the right handed system. For this report only, the landing-site isassWd 
to be located on the surface of the moon on the x selenographic axis. For 
the discussionlof the descent trajectories, the CSM is assumed to be in an 
equatorial orbit. In the discussion of ascent trajectories, the CSM orbit 
is assumed to be inclined to the equatorial plane. 

The origin of this 

Figure 11-3 defines the LElM body axis system. The x-axis is along the 
vehicle center line and is positive in the directionof Illah 
The Z-axis is normal to x and passes through the lower exit port. 
axis is normal to xz.in a right handed sense. 
attitude angles which rotate the stable member axes into LE24 body axes. 
The first rotation is about y' m d  is referred to as "pitch" ( e* ) .  The second 
rotation is about the rotated 2.-axis and is referred to as ftroll" ( p-*), 
The third rotation is about the twice rotated x-axis and is referred to as 
"yaw" ($*). In this report,roll and yaw are assumed zero throughout. 
assumption, pitch is the angle between the stable member z-axis and the 
body z-axis. For example, during the vertical rise at initiation of 
powered ascent, the pitch angle is zero. 

w t -  
They- 

Figure 11-4 defines me 

Under this 

Figure 11-5 shows the definition of the angles which rotate Stable member 
axes into line-of-sight axes where, in the.line-of-sight system, the z-axis 
lies along the line-of-sight vector. Figare 11-6 defines the rotation of 
the LEM body axes into the line-of-si'it system for the case in which yaw 
and roll are zero. 

- 
REPORT NO. LED-500-1 
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111. 

A, General 

A . l  Lunar Orbit 

Nominal Tra j e c to r i e  s 

From paragraph 3.1.6 of reference A-3, CSV o r 9 i t  al t- i t-udes sf' 60-100 
n.mi. are possible,  The CSM o rb i t  used +,o &$ice t h e  LE4 ttrajec$;org 
charac te r i s t ics  i s  considered t o  be c i r cu la r  a4: 51 80 2.h.  al?5tzde. 
This CSM a l t i t u d e  i s  the samo as tha+ used ir: definir-g t k  no-mina; 
t r a j e c t o r i e s  p re sen ted in  referex:! A-7.  %e choic.3 05' +'.e 80 r..nii. 
CSM parking o r b i t  was based 02 trade-off s t d i e s  inv'3lvin.g s-qer icr  
LEM-CSM r e l a t i v e  certtral angle  re la t ionships  alozg the & s e ~ . c t  ps th  
with subsequent hV and ascext phase synodic time effec5s (r$3er.-.cce 
C.1-5). 
a l t i t u d e  (reference C.l-5) a r e  i t m i z e d  iz Takie A . l - i .  

The o rb i t  charac te r i s t ics  asswiated. with mi 80 2 .  xl. 

- 1: Orbi ta l  Radius - 

VcSM Orbi ta l  Velocity = 

Orbital  Period - 
'C SM 

CSM 

- 

- - Angular Rate - =cSM 

Communication t i m e  
measured from end o f  
Translation, Hover a d  - Touchdown phase - 

Communication t i m e  
measured from horizon 
t o  horizon - , - 

6,188,188.97 in t e rza t iona l  feet, 

5,284.699 in te rna t iona l  f ~ e - t / s b ~ c m ? i  

: , 

* Lunar Constants Used 
/- 

(1) 
( 2 )  
(3) 

r.m, Lunar Radius = 5,7022099.73 i n t .  f t .  
1 i n t .  n. m i .  = 6076.115486 i n t .  f t .  
N m ,  Liunar gravi ta t iona l  ccmst. = 1.72824 x ld4 in$. fS3/ s ~ r . 2  

Note t h a t  these constar-ts do not agree - , t in  t h e  constacts pres.=nt.& 
i n  Ref. A-8. 
See Nominal Trajectory Summary, Section Lv. 
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B. Descent 

Figure B-1 presents a schematic of the descent phase misssim pr3ile. 5::- 
LEM is inserted into a Hohmann orbit starting at a? altitiA3c of 80 -,xi. 
The pericynthion altitude of this transfer orbit is 5O,OOO ft a5ove the 
mean lunar surface. At pericynthioc, she descent engine is ignitei, asd 
thrust vector commands generated by t'ne PYGS gLide t3e vekiLle t3 R pict 
approximately 10,600 ft. above the Pmar swface ar,d 7 n.mi. frgm t h e  
landing-site. At this point in the trajectory, TXW giLidax-e parmeters 
affect attitude commands which rotate the LEM. 
are proper. f o r  pilot visual surveillance, the attirade rzhtion prwides 
a clear line-of-sight to the landing area. 
descent is terminated at an altittlde cf 200 feet with a speed cf 
10 ft/sec. 
final touchdown maneuver, a ''closed loop" pa5h adaptive guidacce law is 
used to generate a typical translational, hover ax3 tct;-hdowr_ manaver. 

if lightizg cor,ditions 

T3is phase of th=. powered 

Although the mission plan calls fo? manual contrsl for %he 

B . l  Coasting Descent Trawfer Orbit 

The nominal coasting descent trajectory begins with separation of 
the LF51'from the CSM. 
impulse required for separation does not caue a differencc bstwsei 
the LE24 and CSM velocity and positiori at insertion. 
inserted into a Hohmann orbit at the CSM orbit altitade of 80 o.mi. 
This Hohmann orbit has a pericynthion altitxde and velozity of 

.,% sQ,OOO ft and 5581 ft/sec respectively. Fram trajectory cal#?iIations 
using the PNGS explicit guidance law, the AV req;;ir.ed for ixsertion 
into the transfer orbit is 97.33 ft/sec for a (T/W), = 0.351. %e 
guidance-control concept:;irecta the LJi3.l thr-1st vector sxch that 
the instantaneous LE24 velocity vector is &riven toward an irstant- 
aneous3-y desired velocity vector. 
that velocity required to transfer to a S0;OOO ft perizynthion 
altitude, assuming that the present LbI radial po~i tion :orresponds 
to the apocynthion of the transfer oFbit. 
the LEM velocity and desired velocity vector are eql-ml. 
of powered flight is 8.51 secoak &or an insertion st fu l l  Throttle 
(10,500 lbs ) . 

3 r  this report, it is ass-med that the 

W-e UDi is 

The desirzl?. velocity vexop is 

EQnst is termimze3 wha 
TIE time 

- .  

For insertion, figue E.1-llshows the 5ime history of altitude 2nd 
thrust acceleration. Figme B.l-2 presents the  LCS angle, arld 

inertial pitch angle, Q*, m d  lws l  p i tch  zngle, C ,  ar? prssented 
in figure B.i-3. OTne relativ: w n s r a l  sngle betwezn LEN acd L*SW? 

c,=,., 
Figure B.1-5 is a time history of altitnde anti elevation angle, E, 
during the coasting descent. Giant range and racge rate of the W-wi~k; 
respect to the CSN ar: shown in figne B.1-6. 'The central mgle 
together with the relative ?=.ntr.al arigle between the LEN and CSM arz 
presented in figxe B.1-7 f o r  the interval from rlnsertion to peri- 
cynthion. 

the slant range and range rate of the IE?4 relative t=l the C&Y. x e  - _  

and the LEM central arlgle, FLQ, are shown in fig-ire 361-4. 

f See reference ~.1-6 
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B.2 Powered Descent 

The powered descent trajectory is divided into three guidance 
phases: The Fuel Optimum Phase, the Visibility Phase, and the 
Translation, Hover and Touchdown Phase. 
first two pnases were computed using the 
guidance law. 
identical except for the specified terminal conditions and the time 
of flight from initiation to termination of the phase. 
lation, Hover and Touchdown Phase is nominally a maneuver carried 
out under manual control. However, a typical trajectory for THAT 
has been calculated using an automatic gxidance-cxtrol concept. 

The trajectories for the 
terminal exglicit 

The guidance equations used for POP and VP are 

The Trans- 

B.2.1 Fuel Optimum Phase. This phase of the descent trajectory was 
generated with the PNGS guidance equations. 
commands are explicitly a function of specified terminal conditions, 

. a predetermined initial time of flight and the instantaneous LEM 
position and velocity (reference B.2.l-5). 
50,000 ft pericynthion altitude of the transfer orbit and ends 
349.27 seconds later at an altitude of 10,621 ft. wit5 a speed a d  
flight path angle of 747.8 ft/sec and -12.9 deg. rzspectively. 
These terminal conditions for FOP were determined as those required 
as initial conditions for the Visibility Phase, during which an 
unobstructed visual line-of-sight to the landing-site is required. 

The guidance control 

The FOP starts at the 

The thrust-t-weight ratio at retrofire is 0.357 and the specific 
impulse is assumed a constant 301 see. throughout the phase. 
Figure B.2.1-1 shows the time history of altitude and surface range.ET3 
phase starts at 
the landing-site. Figure B.2.1-2 presents the speed, horizontal 
velocity, vertical velocity and velocity increment (AV) as a 
function of- time. The AV expended during this phase is 4979 ft/sec. 
Figure B.2.l-3 shows the time history of the Cm and LEM,central 
angles. 
deg. at the end of the phase. Fig?& B. 2.1-4 presents time histories 
of the thrust acceleration and,ywmponents of the thnst acceleration. 
Note the near linear variation in the thrust acceleration components 
reflecting the characteristics of the guidance equations. 
B.2.l-5 is a time history of thrust and the inertial pitch attitude. 
At retrofire , thrust is at its maximum (lO,5OO lbs) and is at a 
somewhat lower level (9,875'1bs) at the end of the phase. 
B.2.1-6 is a time history of the slant range and range rate of the LEM 
relative to the CSM. 
of the line-of-sight angle between the LEM 
line-of-sight vector. 

approximately 197 n.mi. and ends at 7 n.mi. from 

The CSM lags the ='by 9.4,deg. at retrofire and by 3.9 

Figwe 

Figure 

.Included on fiyure 13.2.1-6 is a time history 
z -  body axis and the 

B.2.2 Visibility Phase. This portioh of the,trajectory is flown under the 
same closed-loop explicit guidance law as that used in FOP. 
initisl conditions (the terminal conditions of FOP) are such that, 
when the trajectory is flown under guidance, the thrust and inertial 
attitude commands remain at approximately 4700 lbs and 47 degrees 
respectively throughout the VP. With these attitudesja visual 
margin of approxima%ely degrees is achieved. The terminal con- 

The 
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ditions for this phase are:- 

1. Altitude = 200 feet 
2. Speed = 10 ft/sec 
3. 
4. 

Flight path angle = -10 degrees 
Range from landing site = 1000 feet 

Assuming a constant I ~ P  of 301 sec., the AV expended: during the 
114 seconds of flight is 1056 ft/sec. 

Figure B.2.2-1 shows the time history of altitude and surface 
range. Figure B.2.2-2 presents speed, horizontal velocity, vertical 
velocity and AV as a function of time. 
time history of the CSM and I234 central angles. At the I234 terminal 
conditions, the CSM leads the T;EM by 1.32 degrees. Figure B.2.2-4 
presents time histories of the thrust acceleration and the components 
of thrust acceleration. 
and inertial pitch attitude. 
range rate of the LEN relative to'the CSM. 
~.2.2-6 is a time history of the line-of-sight angle between the 
LEM z-body axis and the line-of-sight to the CSM. Figure B.2.2-7 
shows the visibility angle measured from the negative x-body axis 
to the line-of-sight to the landing-site. 

Figure B.2.2-3 shows the 

Figure B.2.2-5 is a time history of thrust 
Figure B.2.2-6 shows the slant range and 

Included on figure 

B.2.3 Translation, Hover and Touchdown - The translation, hover and touch- 
down trajectory shown in figure B.2.3-l was based on a closed-loop 
polynaminal guidance law and a signal-synthesis adaptive control 
technique (reference ~,2,3-8). 
at an altitude of 25 feet above the touchdown point. The switch 
inltiates a constant attitude - constant acceleration guidance law 
which forces the LE24 into a highly stabilized vertical descent, 
thereby compensating for dispersions in rotational rate and linear 
velocity at touchdown. 
correspond to the final conditions of the visibihity phase. The 
time of flight is 121.2 seconds, the initiation altitude is 200 feet, 
and the range to the landing-site bs 1000 ft. Visibility margins 
for both the landing-site and'%& visual horizon are shown in 
figure B.2.3-2. This figure,shows visibility to be sa€isfactory. 
The horizon and landing-si€e are out of view for a total of 16 
and 10 seconds respectiveG, early in the trajectory. The landing- 
site is unavoidably out of view during the final 25-seconds of 
flight because of the vehicle's proximity to the landing-site 
(within 25 ft range and altitude). 
are shown in figures 9.2.3-3 throw9 ~.2.3-6. Figure B.2.3-7 
shows the time history-of the CSM central angle relative to the 
landing-site. At the end of the. THAT maneuver, 165 seconds 
elapae before the CSM falls below the horizon. 

The vertical and horizontal velocities, attitude, and attitude rate 
at touchdown are respectively, -4.99 ft/sec, 1.06 ft/sec, 89.9 deg, 
and zero deg/sec. 
ities. The AV required to perform the trajectory is 657.6 ft/sec. 

A guidance law switch was initiated 

The initial conditions of this trajectory 

The traJectory time histories 

These values are within the landing gear capabil- 
y j  

. .  
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B.3 Descent Stage 4 V  Summary 

The t o t a l  AV required for t h e  nominal descent t r a j e c t o r y  i s  compared 
with thq " 4 V  - Budget" adopted a t  t h e  NASA/GAEC meeting on March 12, 
1964 at Bethpage (reference A-9 ) . The A V's computed f o r  t h e  nominal 
t rq j ec to r i e s  presented in  th i s  report  are compared with t h e  d V's 
presented under the  catagory "Open Loop" i n  the  "AV-Budget". 
t o t a l  A V f o r  t he  nominal descent mission i s  6794.9 f t / s ec .  The 
t o t a l  A V a l loca ted  t o  the "Open Loop" catagory i n  the  "A V-BQdget" 
i s  6952 Pt/sec. The 157.1 f t / s e c  discrepency between t h e  nominal 
t r a j ec to ry  AV and the  "AV-Budget" i s  a t t r i b u t e d  t o  an a l loca t ion  
i n  the  AV budget f o r  alternate landing-si te  select ion.  

The 

Mission 'Phase 

B . l  Coasting Descent Transfer 
B . l . l  Separation 

Insert ion 

B.2 Powered Descent 

B.2.1 me1 Optimum Phase 

B.2.2 Vdsibi l i ty  Phase 

8.2.3 Translation, Hover 

& Touchdown 

TABU B.2.4-1 

Descent Stage AV +E 

4979 6035 
1056 

657.60 __I 

Nominal 
Trajectory AV "AV Budget" 

I 

' 5  

97 -* - 7. 

5950 

900 

-)HC Only AV 
included 

Under "Open Loop: catagory from the  "AV-Budget" i s  

1 
C. Ascent 

Figure C-1 shows the  geometry of t he  nominal ascent mission. 
of-plane launch displacement of $ degree lunar cen t r a l  angle was 
assumed. 
landing point by a cen t r a l  angle of 3.85 degrees. 
altitude i s  50,OOO ft above t h e  mean lunar surface a t  a speed of 
5581 f t /qec  and a f l i g h t  path angle of 0.892 degrees. These conditions 
result i n  an inteycept, wiOh the CSM at  160.1 deg cent ra l  angle,measured 
i n  the  plane of the  LEN t r a j ec to ry  and r e l a t i v e  t o  t h e  launch-site. 

An out- 

The powered ascent i s  i n i t i a t e d  when the  CSM l ags  t h e  U M  
A t  burnout the  LEM 

. .  
'- , 
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m e  coasting t r ans fe r  o rb i t  has a pericynthion a l t i t u d e  of 38,360. f t .  
The recdezvous i s  i n i t i a t e d  a t  approximately 5 n. m i .  f rom the  CSM. 

C .I Powered Ascezt 

The charac te r i s t ics  of the  LEM nomiial ascent t r a j e c t x y  a r e  based 
on an i n i t i a l  thrast-td-weight r a t i o  i?f 0.333, a spec i f i c  imp-ilse of 
306 sec. and a constant engine thrust ,  of 3,500 l'cs. 
assumed t o  be i n  an 80 3. mi. c i r c - iLc  o r 5 i t .  
C.l-1 'shows 
The: LEN i s  located a t  a r igh t  ascension of 3.85 degceos m d  at an 
out-of -plane (dec l ica t iox)  cf 3 degree (8.2 naut ica l  m i l e s  ) . 

The CSI4 i s  
A t  l amch,  f igu re  

the, geme-lry of t,he launch-site r e l a t i v e  t o  t 5 e  CS??. 

The nominal ascent t ra jec tory  was generated using the  PNGS guidance 
t e c ~ i q u e  ( r e fe reme  3.2.1-5).  
(63s = 0 deg), c:ont;rol coima:ds ~ r ?  generated by the  gui6mce systerr! 
r e s -d t ing  i n  a rapid p i tch  over at  -10 deg/sec. A t  t=15.68 secmdsj  
ar, a t t i tu l ie  n u l l  i s  reached (6" = -56.85 deg).  Tk.,e a l t i t ude ,  v e r t i c a l  
veloci ty ,  plase c m d i t i s n s  wid t ra  jec5ory a n g d a r  momentum required a t  
burllout a re  cont i rxmsly  gezeratea by tbe  guidance sjrsten. 
required bianozt cordit ions are fw-ctions of CSM-LEN rela+,ive pos i t t rx  
and veloci ty .  
guide the  I;Ep.I t o  the praper bu--ncjl;t conditions f o r  a d i r e c t  t r ans fe r  
t o  CSM intercept ,  a re  "cor;tinuously" calculated.  

&%er a 10 sec.  v e r t i c a l  r ise 

'I"r,zse 

Att i tude commands and a? engine-cut-off time, which w i l l  

For the nominal launch, t h e  burnout conditions a re :  

1. 
2. 
3. 
4. 
5. 
6. 
7 .  
8. 

Alti tvde = 50,000 f t  
SF e =' 4 
F1ig-k 9 t h  bngle = 0 .892 deg 
~ T T  cmsuxed = 5062 f t / s e c  
h k i g i ;  of propellent used = 4827.8 l b s  
"me of f l igh5 = 422.09 sec. 
I n e r t i a l  p i tch a5t i txde = -108.4 deg 
Centra.!- cngie f r n m  l a m c n  = 9,gS deg. 

= 5581 f t / s e c  

, 

,> I ,  ,,' 

Figure C . l - 2  preselzts tix: time hlirvtory of altlfxde axd speed. 
Included on f iga -e  C.l-3 arc  the.%-ime h i s t o r i e s  of D V ,  t h rus t  accel-  
era-Lion and i n e r t i a l  p i tch  acgle. Z'igirz C . 1 - 4  shows the ,  f l i g h t  path 
angle and the  vehicle attitvrdd referenced t o  t h e  l o c a l  horizontal .  
Figure C.l-5 shows the geometric? re la t ionship  involve& i n  defining 
the  l i n e  of sigh5 vector between the  CSN and t3e  LEN. Fig. *Z.1-6 and c..1-7 
presents the t i n e  histo2g of t-:.;? l inz-of-s ight  parameters starting 
when the  CS14 appears O v e r  t3.e ?-o?izm a rd  ending a t  IZZ poxered ascer-t 
Suznout . 1 

C .  2 Coasting Ascent ';".ar;zfez Crbit 

A t  t he  50,000 f t .  ait,itu&e bznou t  condition, t he  nominal out-of-plane 
displacement (declinati .on) of t2l.e X 4  from t h e  CSM orb i t  plane i s  
0.732 degrees. 
angle of 0.892 
the  CSM o r b i t  150.26 3+=yecs centzal  %?.@;le from burnout. 

A bw2oxb velrJeit#y of $581 f-t /sec and. a f l i g h t  path 
degrees r c s d t  i E  a t r a c s f e r  o r b i t  whicl; i s t e r s e c t s  

"his 
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t r ans fe r  o rb i t  i s  inc l ined  t o  tke  CSM o r b i t  by 1.46 degrees. 
nominal t ra jec tory ,  no midcourse corrections a r e  required,  however, 
fu ture  e r ro r  analyses on normal N & G performance w i l l  include the  
PNGS midcourse correct ion technique and the  ca lcu la t ion  o f  €he l i k e l y  
D V  required f o r  midcourse corrections.  Rendezvous i s  i n i t i a t e d  at  
141.92 degrees cen t r a l  angle from burnout, or equivalently 5 n. m i .  
from the  CSM. The time Of f l i g h t  elapsed from burnout t o  rendezvotls 
i n i t i a t i o n  i s  45.89 minutes. 

For the  

Figure C.2-1 presents a time h is tory  of slant range between the  LEX asid 
CSM. 
t h e  I;EM and CSM. Figure C.2-3 shows the  l ine-of-s ight  rate while 
f igures  C.2-4 and C.2-5 presents t he  radial posi t ion and speed Of 
the  IZN respectively.  

Figure C.2-2 presents s l an t  raage rate along t h e  LOS between 

C .3 Rendezvous 

Rendezvous i s  i n i t i a t e d  by the  I;EM 5 n. m i .  from the  CSM. The t i m e  
of f l i g h t  needed t o  perform the  nominal maneuver using the  prime 
rendezvous guidance technique i s  660 seconds. 
perform the  maneuver i s  169.9 f t / s e c .  * which compares favorably w i v e -  an  
impulsive rendezvous A V  of 169.44 f t / s ec .  The guidance concept 
requires  radar measurements of range, range rate, and LOS angle 
between LEM and the  CSM as a means of estimating ( i . e .  by mixing 
radar and i n e r t i a l  information ) the  LEM orb i t .  A t  specif ied ranges, 
a time of f l i g h t  f o r  LFM-CSM intercept ion i s  specif ied.  With the  
specif ied t i m e  of f l i g h t  and the  estimated LEN o rb i t ,  AV corrections 
a re  computed. In the  ncminal, three such correct ion points  a r e  
specified,  a t  5 n. m i . ,  1.511. m i .  and .25 n. m i .  Figure C.2-1 
and C.2-2 show the  time h i s to r i e s  of Slant range and range r a t e  between 
the E34 and the  CSM. Included on (2.2-1 and C.2-2 are the  points  at  
which t h e  rPndezvous corrections a r e  applied. 
t he  l ine-of-s ight  rate as a function of time: Rendezvolls correct ion 
points a re  indicgted. It can 
be seen t h a t  for the  nominal rendezvous, t he  LE24 speed i s  increased 
a t  each correction point.  
t he  I;EM &iring the  rendezvous maneuver. 
nominal thrust schedule followed during t h e  nominal rendezvous. 
Included are the  ranges a t  &$ch correction i s  applied, the  elapsed 
t i m e  since powered ascent burnout, the  duration of the correction 
control  period, the bV expended during the  control  period, and the  
thrmt l e v e l  applied. 
RCS engines, having a nominal t h r ’ i s tdeve l  of 100 lbs. and an Isp 
of 295 sec. The t h rus t  t o  weight r a t i o  a t  the  i n i t i a t i o n  of the  
f i rs t  correction i s  .0365. 

The L V  required t o  

Figure C.2-3 shows 

Figure C.2-4 presents t h e  LEM speed. 

F i 6 ~ C . 2 - 5  shows t h e  radial posi t ion of 
Table C.3-l shows t h e  

All ~ a n e m e r s  a re  performed by two z-body a l a  

1 

* Includes 2.58 f t / s e c  residual ve loc i ty  a f t e r  t he  last  renclezvous 
correction. 



Range 
(n. mi.) 

5 

1.5 

0.25 

\ 

X9XIHAL FZRDEZVOUS COFE3CTION 
S C ~ ~ D T J J  

Time Elapsed 
Since Powered 
Ascent Surnoilt 

(sec. ) 

2.753 e a 

2947.3 

3228.0 

Thrusting 
Period 
(sec.) 

Residual Velocity 
To Be Nulled 
During Docking 

Grand Total Used 
To Compare With 
Impulsive A V  

A V  

(ft/sec) 

69.28 

81 74 

16.29 

200 

200 

200 

2.58 

. 169.94 

'2.4 Docking I 

' /' 

The docking maneuver is nominalrf5nitiated 500 ft slant range 
from the C5Y and at relative vdocities of 2.58 ft/sec. 
is performed mama,lly with an alloted 25 ft/sec &V. Because 
docking is a mama1 mode of operation, trajectory data w i l l  not be 
available until fxture simxlation studies have been completed. 

The maneuver 

5.5  Ascent Stage A V 3inmry 
1 

Tie total A V  for the gominal-ascent trajectory is compared with the 

crcnce A - 9 )  
ascent is 6256.94 ft/sec. 
below that indicated in the 
can be partly attributed to an allocation in the 'I &-Budget" for a 
12 second vertical rise and that the in-plane and out-of-plane 
rendezvous mane'vers are performed separately. 

V allocated to fhe "@pen Loop" catagory of the "A V Budget" (ref- 
iz Tdc13 C.5-1. The AV required to perform the nominal 

QV-Budget". The discrepancy in the OV's 
This A V  consumption is 44.06 ft/sec 
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Mission 
Phase 

C.l Powered Ascent 

C.2 Midcourse Correction 
During Coasting Ascent 
Transfer Crbit 

C.3 Plane Change and 
Rendezvous 

C.4 Docking 

Total 
As cent 

WE3 C.5-1 
Ascent Stage bV** 

Nominal 
Trajectory Ail 

6062.00 

169.94 

25.00 

6256.94 

"Open Loop" 
4 V  Budget 

6090.00 

186.00 

25.00 

6301.00 

T.' Summary of LEN Nominal Trajectoaes 

Table N-1 is a summary of the nominal trajectories presented in this 
report. 
jectory, and 6256.9 ft/sec for tKe nominal ascent trajectory. 
expenditures are within the "AV-Budget" for the computation of nominal 
fuel comsqption. All ground rules dictated by mission requirements 
have been satisfied; however, recent operational features introduced 
by the performance capabilitites of the descent engine gimble trim mechanism 
have changed the descent trajectory. Future releases of this rzport will 
then include : 

The AV expended is 6794.9 ft/sec for the nominal descent tra- 
These AV 

I 

1. Insertion at reduced thrps$'levels. 

2. Retrofire for initiation of powered as.cent at decreased 
q,, L1 . 

thrust levels for a period of approximately 25 seconds. 

The next nominal trajectory report will include the orbit characteristics 
between separation of the IEM --from the CSM and the insertion. 
site will be chosen and all trajectory characteristics presented in ref- 
erence to this more realistic mission. The lmar constants specified in 
reference A-8 will be used to calcylate afi trajectories. The specific 
impulse will be assumed to be a funct-ion of the thrust levels in future 
trajectory calculations. 

A landing- 
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V. LEM Normal Error Performance 

Normal error performance is the likely trajectory deviations from the nom- 
inal trajectory caused by in-tolerance errors in the following ca$agories; 

1. 

2. 

3. 

Initiation of the navigation systen - Prior to 
separation of the IEVi framthe CSM, the comm~~~13 
module navigation data is transferred to the IEvf. 
The transferred information on the velocity and 
position is used as initial conditions to the U M  
integrating inertial system. 
accurate as the estimated CSM orbit via the orbital 
navigation technique. 

This data is only as 

Navigation system sensor errors - This group of error 
sowces includes such uncertainties as the alignment 
of the IMU, platform drift rates and ra3ar accxraciea. 

Errors in execution - This group of errcrs includes 
the uncertainties in the thrust and attitude from 
the levels commanded by the guidance system. 

The combined effect of all the errors sources presented under the three 
catagories brieflyiiestified above are analyzed using a linear statistical 
error technique developed at GAEC. 
detail the mathematical theory used as a basis to generate the data preser,- 
ted in this section. 
formed on the powered descent trajectory are presented.++ Future trajectory 
reports w i l l  include the results of studies on all phases of the LEM mission. 
A. Error Sources 
Table V-1 presents the uncertainties in the LEN inertial system's indication 
of the position and velocity at pericynthion. 

References V - 1  thru V-8 discuss in 

At this time, only the results of an analysis per- 

These errors are presented 
TABU3 V - I  

COVARIANCE MATRIX OF UN&TAINTIES AT PERICYNTI~ION 
X Y 2 '  2 9 i 

4.6519 E 05 1.7127 E 04 1.4045 E 06 -1.3300 E 03 8.0413 E 00 4.9294 E 0 x 
l.7127 E 04 3.2212 E 03 -9.4216 E 00. 4.5204 E 01 -1.4251 E 0' Y 
1.4045 E 06 3.2212 E 03 7.914 E 06 -7.5680 E 03 1.4930 E 02 1.4911 E 03 z 
-1.3300 E 03 -9.4216 E 00 -7.5680 E 03 7.4018 E 00 -1.2291 E 01 -1.4635 E O 1 k 3.9102 E 05 

8.0413 E 00 4.5204 E 01 1.4920 E 02 -1.2391 E 01 3.5357 E 01 3.9890 E 0 
4.9294 E 01 -1.4251 E 01 1.4911 E.03 -1.4635 E 00 3.9890 E 02 5.0063 E 

in the form of a covariance matrix in which the diagonal tmns are the 
variance in the components of position and velocity, and the off-diagonal 
terms are the covariances. The off-diagonal terms indicate the correlation 
between the errors on the diagonal. The matrix is referenced to the 
stable member axis system; that is, starting at the upper left hand 
element of the matrix, m d  ii successive order, the variances in the 
qosition along the x, y and z axis, and in the velocity along the x, y 

during fiescent insertior. will causc increases in errors along the powered 
descert I'rcm those prt.s.-nted in this report, 

. 

* Errors ca-xed by WJ s e m o r  e r ro r s ,  Liming errors and control execution error .  

, 
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and z axes of the stable member coordinate system are defined. This 
covariance matrix was obtained by propagating the covariance matrix, 
representing the orbital navigation uncertainties, from insertion to 
the pericynthion. The orbital navigation uncertainties at insertion 
were obtained through correspondence with MIT/IL. (Reference V-9 ) . 
At insertion, the uncertainties were given as: 

Altitude 770 ft (1 sigma) 
Down Range 2380 ft (1 sigma) 
Cross Pack 673 ft (1 sigma) 
Vertical Velocity 1.71 ft/sec (1 sigma) 
Horizontal Velocity .56 ft/sec (1 sigma) 
Cross Track Velocity .552 ft/sec (1 sigma) 

for the MIT/IL "Model-2" orbital navigation technique. 

The %rajectory deviations 
to be slightly larger in magnitude than the errors in the navigation 
system and are assumed to have at least a 90% correlation with the 
nayigation uncertainties. 
deviatians at pericynthion of the descent orbit are primarily due 
to the uncertainties in navigation. 
deviations are assumed to be slightly larger to account for possible 
errors in zhe execution of the insertion maneuver. A detailed 
account of the meaning of the correlation of the navigation uncertain- 
ties with trajectory deviations can'be found in reference V-7. 

Table V-2 presents the IMU sensor errors considered in the analysis. 
The one sigma values quoted in Table V-2 were taken from an MIT/IL 
documentation of the inertial system performance presented in reference 
V-11. 
statistical error analysis can be found in reference-v-3. 

(Reference V-10). 

at powered descent initiations are assumed 

The high correlation asserts that trajectory 

The magnitzde of the trajectory 

The methods by which sensor errors are incorporated into a linear 

TABU V-2 

IMU SENSOR&F~FIORS (l-sigma. valt;ea> 

Accelerometer sensitivity (& order ) 

* .'2 
Accelerameter zero bias 
Acceleromkter scale factor error 

Scale factor error 
Initial stable member % 

Misalignment 
Fixed Drift Rate 

= .2 cm/sec 
= 100 ppm 

= 10 PPdg 
*. 

= .85 mr , 
= .15 deg/hr. 

A Table V-3 presents the errors in execution assumed in the analysis. 
0.1 degree (& uncertainty in attitude control is attributed to the 
RCS dead band. A 100 lb. thrust uncertainty is attributed to engine 
throttle resdlution. 

REPORI LED-500-1 
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Attitude Er ro r s  
Thrust Errors 

= .1 deg. 
= 100 l b s  

The e r ro r s  quoted i n  the PNGS reciairements (Reference V-12) f o r  t h e  
landing radar were used i n  the analysis  of t he  l a t t e r  portions of t h e  
powered descent t r a j ec to ry .  The radar e r r o r  i n  the  measurement of 
a l t i t u d e  i s  assumed t o  be one percent of the  vehicle a l t i t u d e  o r  5 f t ,  
which ever i s  grea te r .  The ve loc i ty  e r ro r s  a re  assumed t o  one percent 
of the  vehicle ve loc i ty  or 1 f t / s ec ,  which ever i s  grea%er. 
ce r t a in t i e s  f o r  t he  radar are calculated using the  assimption of a 
smooth lunar surface with a radius equal t o  the  mean. 
surface var ia t ions  w i l l  be studied i n  t h e  fu ture .  

The m- 

The e f f ec t s  of 

B. N & G Operational Procedures 

For powered descent,the navigation and guidance procedures assumed i n  
the e r ro r  analysis  are i n  chronological order: 

1. Alignment of t he  IMET using the  AOT i s  made 
f i f t e e n  minutes p r io r  t o  the  i n i t i a t i o n  of powered 
descent. 
the  i n i t i a t i o n  of powered descent is 0.82 m i l l i -  
radians. 

The uncertainty i n  the  alignment a t  

2. The i n e r t i a l  navigation system i s  used t o  supply 
the descent e x p l i c i t  guidance'eqwtions with 
information requirred t o  generate control  s ignals  
t o  the RCS. '-,/ 

vz,,  I , 

3. A t  270 seednds i n t o  t h e  powered descent t r a j e c t o r y  
(approximately 25,000 f t ) ,  an update of the  i n e r t i a l  
system i's made using information on a l t i t u d e  and 
veloci ty  f m m  the  landing radar. 

h +  Raddar - ~r?e r t i a l  ~ ix i -n -g  i s  terminated a t  t = 290 
seconds in%J t,he,powered desceot. 

5. From 290 seconds t o  t h e  end of FOP, i n e r t i a l  
i n fo rma t i~n  i s  used exclusively.  

From the beginning of the  VP t o  430 seconds, 
mixing of radar - and i n e r t i a l  information i s  
again made. 

6 .  

7. From t = 430 seconds t o  the  end of VP, i n e r t i a l  
information i s  used exclusively.  
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C. Error Results 

When discussing the errors in position and velocity, a subscript "1" demtes 
an uncertainty in the navigation system and a variable without a siibscript 
denotes a trajectory deviation from the nominal. Ali errors ir, state 
(e.g. velocity and position) are referenced to the stable member =is 
system. 

Figure V.C-1 is a time history of the one sigma uncertainty in navigation 
information and of one sigma trajectory deviations in the x-axis direction. 
As the landing-site is approached, the x-axis errors closely approximate 
errors in altitude. For the first 270 seconds into the powered descent, 
the trajectory deviation is approximately equal to the xcertainties in 
the inertial system. This should be expected since the gaidance law is 
using information from the navigation system to generate the vehicle cor_trol 
commands. 
by mixing landing-radar and inertial information. An inpro-Vrement in the 
navigation accuracy is immediately introduced, however, the trajectory 
deviation slowly reduces to the accuracy of the navigation syst-  pi^ at the 
end of the Fuel Optimum Phase. 
an improvement in the indicated state is again made res-ilting in m altitude 
uncertainty and trajectory deviation at the hover of approximately 25 ft (l-r). 
The final error in altitude cac be improved if the updaticg 
continued futher into the trajectory t5an wes done for this analysis. 

At 270 seconds ( o r  approximately 25,000 ft), md upda',e is mde 

At the begi-ming of the Visibility Phase, 

procedue is 

Figure V.C-2 presents the navigation uncertainties and trajectory devlations 
in velocity along the stable member x-axis. 
period, an increase in velocity deviation of 14.5 ft/sec is expected due 
to the guidance response to a detected error in altitude. A less severe 
velocity response can be expected during the second update 

After the first update 

phase. 

Figure V.C-3 presents the errors iE the y and z direction. 
corresponds to cross track at the lancing-site, qnd the z-axis corresponds 
to down range. 
be expected due t o  anupdate. 
likely position errors is stopped. !he update in velocity along the y and 
z axes prevents any further increase in position uncertainties. 

Figure V.C-4 shows the navigation uricertainties and trajectory deviations 
in the velocities along the y an? z axes. 
trajectory deviations is due ts the thrust .uncertainties. 

The y-axis 

No improvement in don rage or cross track acc-zacy c~t,". 
However4 the rate of increase in the 

,/r 

, 

The increase in z-axis vel9,city 

Figure V.C-5 is a time history of t 3 e  expected deviations in the thrust 
command signal from the nominal. 'At each discontinuity point in navigation 
information, a corresponding discontinuity in thrust co-mnds is likely. 
A maximum thrust deviation of 
at 
attitude command signals. The maxilnum likely attitude deviation occurs 
at 320 seconds into the powered descent trajectory. 
likely deviation in pitch attitude is attributed to the update of altitude. 

2 6 ~  lbs (1-sigma) can be expected to occur 
initiation of VP. Figure V.C-6 shows. the expected deviation in 

The 2.4 deg (3-sigma) 

Figure V.C-7 presents the expected deviation in fuel consumption along 
the descent trajectory. At this time, methods of analyzing the error 

v ~ -, 
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characteristics of the last 10 seconds of the trajectory are not 
available. However, the total deviation in fuel consumption required 
for correction of guidance errors should be approximately equal to Yce 
last value recorded on figure V.C-6. The additional fuel requlred for 
correction of guidance errors, assuming normal error performme, is 
30 lbs. (3 sigma). 

Figure V.C-8 thru V.C-15 present the weighting factors used during the 
two update periods. (270St 5290, a50 St $430) 
were generated using an optimum technique for minimizing the variance ir_ 
a linear combination of inertial and radar information. (see Reference 
V.C-8). This technique is sometimes referred to as "Linear Filtering" 
or "Kahn Filtering. 'I 

These weighting factors 

V I .  Summary of Normal Error Performance 

Only errors accrued along the powered descent trajectory have been 
presented in this report. 
velocity and fuel consumption at the hover point are: 

- The likely errors in the LJQ4 position, 

Altitude = 25 ft (lr) 
Downrange = 2850 ft ( l d  
Cross track = 785 ft (lr) 
Vertical velocity = 1.5 ft/sec (16) 
Horizontal velocity = 1.8 ft/sec (16) 
Cross track velocity = 1.5 ft/sec (lo-) 
Fuel consumption = 10 lbs (16) 

Future errors studies on the powered descent trajectory will include 
the primary navigation and guidance update procedu?e and the errors 
caused by sensor errors during the insertion. 
LEM mission w i l l  also be treated. 

Other; phases 'of the 

/ 

'i 7 /' 
'/"/,, . . 

/- 
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SECTION I11 
FIGURE B-1 
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